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SUMMARY  AND  CONCLUSIONS 
1.  Electrophysiological  recordings  were 
made  in  the  middle  temporal  visual  area 
(MT)  of five macaque monkeys.  Binocularity 
and  selectivity  for  disparity  were  examined 
using a computer-driven  stimulator  to  acti- 
vate  each eye  independently.  Results were 
obtained  from  9 1 single units in  MT. 
2.  Most  units  in  MT  receive  approxi- 
mately  balanced  inputs  from  the  two  eyes, 
and  very  few  could  be driven  through  only 
one eye. 
3.  In  one  type  of  test  for  disparity  selec- 
tivity,  units were examined  with  stimuli  that 
had different  but  fixed  horizontal  disparities, 
thereby  simulating  frontoparallel  move- 
ments at different  distances from  the animal. 
About  two-thirds  of the units tested for  fixed 
disparity  selectivity  (52/76)  showed  pro- 
nounced  sensitivity  to  horizontal  disparity. 
Most  of these units could be grouped into  the 
same four  classes of  disparity-tuned  units 
that  have  previously  been  described  in  VI 
and V2  of  the macaque: near,  far,  tuned  ex- 
citatory,  and tuned  inhibitory. 
4.  Twenty  units were tested for  sensitivity 
to vertical  stimulus disparity,  which  does  not 
normally  contribute  to  stereopsis.  Most  were 
as sensitive to  vertical  disparities as to  hori- 
zontal. 
5.  Units were also tested for  selectivity  for 
stimuli  that  moved  with  changing  disparity, 
simulating  trajectories  with  components  of 
motion  toward  or  away  from  the  animal 
(motion  in  depth).  No  units  were  found  to 
be truly  selective for  motion  in  depth.  Units 
tuned  for  fixed  disparity  could  appear to pre- 
fer  motion  in  depth  if  tested only  with  tra- 
jectories whose common  center point  was far 
from the unit’s optimal  fixed  disparity.  How- 
ever,  we  do  not  consider  this  to  represent 
genuine selectivity  for motion  in depth,  since 
I)  the  responses are  adequately  and  more 
easily  explained  in  terms  of  selectivity  for 
fixed  disparity  and  2)  the  best  overall  re- 
sponse  of these units is to  frontoparallel  mo- 
tion  at the  optimal  fixed  disparity.  This  ob- 
servation  bears importantly  on the  interpre- 
tation  of  motion  in  depth  selectivity  in 
previous investigations. 
6.  The  presence of a substantial degree of 
selectivity  for  fixed  disparity  in  MT,  together 
with  previously  demonstrated  selectivities for 
direction  and speed,  indicates that  MT  is well 
suited for  the analysis of  motion  in  three-di- 
mensional space. 
INTRODUCTION 
Stereoscopic vision  makes use of  the  dif- 
ferent  views seen  by  the two  eyes  to judge the 
distance to  points  in  visual  space. This  in- 
formation  is useful for  assessing  the shape of 
three-dimensional objects, their  distance from 
the eyes and,  in  the  case of  moving  objects, 
their  trajectories  through  space. Since many 
animal species,  humans included,  have good 
capacities  for  all  three  of  these  functions, 
there  is likely  to  be a substantial neural  ap- 
paratus concerned  with  the  various  aspects 
of  stereoscopic vision.  In  the cerebral cortex 
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of  the  macaque  monkey,  Vl  (striate  cortex) 
and  V2  have  been  shown  to  contain  neurons 
that  are  selective  for  binocular  disparity  ( 16, 
28,  29).  However,  little  is  known  about  the 
contribution  of  other  visual  areas  to  the  pro- 
cessing  of  stereoscopic  information. 
In  the  present  study,  we  have  looked  at the 
role  of  a  particular  visual  area  in  the  ma- 
caque,  the  middle  temporal  area  (MT),  in 
analyzing  motion  in  three-dimensional  space. 
The  preceding  report  (20)  provided  quanti- 
tative  evidence  that  the  majority  of  MT  neu- 
rons  have  a high  degree  of  selectivity  for  both 
the  direction  and  speed  of  stimulus  motion. 
It  is  obviously  of  interest  to  know  whether 
any  of  these  neurons  are,  in  addition,  sen- 
sitive  to  the  binocular  disparity  of  moving 
stimuli,  which  would  allow  them  to  signal 
information  about  motion  in  three  dimen- 
sions.  We  were  especially  curious  because 
MT  has  been  reported  to  contain  a low  per- 
centage  of cells  that  prefer  opposite  directions 
of  motion  when  stimulated  with  either  eye 
alone  (38).  Such  cells  could  respond  best  to 
objects  moving  directly  toward  or  away  from 
the  animal  (30).  We  anticipated  that  with 
carefully  controlled  binocular  stimulation  we 
could  study  such  opposed  movement  cells  in 
detail.  In  addition,  we  hoped  to  find  a sub- 
stantial  number  of  cells  that  were  tuned  for 
motion  in  depth  even  if  their  monocular  di- 
rection  preferences  were  similar. 
To  our  surprise,  no  neurons  in  our  sample 
from  MT  were  truly  selective  for  motion  in 
depth  in  the  sense  of  responding  maximally 
to  stimuli  that  simulated  movement  with 
components  toward  or  away  from  the  animal 
(i.e.,  not  frontoparallel).  Nevertheless,  infor- 
mation  about  three-dimensional  trajectories 
is  extensively  represented  in  MT,  as  a  large 
proportion  were  selective  for  motion  at  par- 
ticular  fixed  disparities.  In  the  course  of  test- 
ing  these  disparity-tuned  neurons  for  motion 
in  depth  selectivity,  we  found  that  many  ap- 
peared  to  change  their  preference  from  fron- 
toparallel  movement  to  some  motion  in 
depth  when  tested  under  different  conditions. 
However,  a  thorough  examination  showed 
this  property  to  be  a  simple  and  predictable 
consequence  of  tuning  for  fixed  disparities. 
The  results  of  these  experiments  bear  im- 
portantly  on  previous  interpretations  of  se- 
lectivity  for  motion  in  depth  and  on  the  un- 
derstanding  of  the  degree  to  which  complex 
stimulus  characteristics  are  extracted  in  the 
early  stages  of processing  in  the  visual  system. 
MATERIALS  AND  METHODS 
The  basic  methods  for  these  experiments  have 
been  described  in  the  preceding  paper  (20).  Tech- 
niques  particularly  relevant  to  the  present  exper- 
iments  will  be  presented  here. 
Five  Macaca  fascicularis  were  used  for  semi- 
chronic  recording.  During  recording  sessions  the 
animal  was  anesthetized  and  paralyzed.  The  visual 
stimulator  used  for  these  experiments  could  be 
operated  either  manually  or  under  computer  con- 
trol;  it  imaged  a  slit  whose  length,  width,  and  ori- 
entation  were  all  independently  variable.  Mon- 
ocular  stimuli  that  could  be  moved  independently 
were  produced  using  a beam  splitter  and  two  pairs 
of  X-Y  mirrors.  The  two  beams  were  passed 
through  Polaroid  filters  whose  planes  of polariza- 
tion  were  at  right  angles,  projected  onto  a  non- 
depolarizing  screen  (Da-Lite  Screen  Co.),  and 
viewed  by  the  animal  through  a  second  pair  of 
cross-polarized  filters  (6). 
The  positions  of  the  foveas  were  checked  fre- 
quently  using  a  reversing  ophthalmoscope.  The 
initial  positions  were  confirmed  at the  start  of each 
penetration  by  plotting  receptive  fields  for  re- 
sponses  in  Vl  through  each  eye  alone.  As  ex- 
pected,  the  VI  fields  encountered  on  the  oper- 
culum  were  small  and  within  a  few  degrees  of the 
fovea.  When  the  receptive  fields  plotted  through 
each  eye  alone  were  not  in  corresponding  posi- 
tions  relative  to  the  fovea1  projections,  this  was 
attributed  mainly  to  inaccuracies  in  plotting  the 
foveas.  Based  on  these  plots  and  other  measure- 
ments,  the  accuracy  of  the  ophthalmoscope  was 
judged  to  be  roughly  tY2O.  Therefore,  the  absolute 
disparity  of the  retinal  images  of our  stimuli  could 
be  determined  to  about  t  1 O. The  drift  in  eye  po- 
sition  was  small,  usually  about  1 O over  the  course 
of a  recording  session. 
When  a  unit  was  isolated,  receptive  fields  were 
plotted  for  each  eye  alone.  Positions  of receptive- 
field  centers  were  fed  into  a  computer,  which  was 
then  used  to  generate  stimuli  and  to  record  and 
analyze  responses.  Usually  the  direction  of  gaze 
under  paralysis  was  not  identical  for  the  two  eyes, 
and  the  computer  adjusted  stimulus  positions  to 
compensate  for  this  ocular  misalignment.  In  some 
recording  sessions  the  projections  of  the  foveas 
were  superimposed  on  the  screen  by  inserting  a 
prism  of appropriate  strength  and  orientation  in 
front  of one  eye.  Initial  alignment  was  confirmed 
by plotting  receptive  fields  for  a binocularly  driven 
response  in  striate  cortex.  When  the  eyes  were 
aligned,  the  two  monocular  stimuli  were  super- 
imposed  on  the  projection  screen.  It  seemed  pos- 
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for  the  two  eyes  might  enhance  binocular  inter- 
actions.  However,  the  responses  seen  when  the 
eyes were  aligned  in  this  way  were  not  noticeably 
different  from  those  obtained  with  significant 
ocular  misalignment. 
not  of immediate  significance  to  the  interpretation 
of  the  results,  a  description  of  the  generation  of 
stimuli  for  tests  of motion  in  depth  selectivity  has 
been  deferred  to  the  APPENDIX. 
The  overall  accuracy  of  stimulus  positioning 
during  computer  control  was  about  0.1  O. Stimuli 
were  presented  in  a  random  order;  monocular 
stimuli  were  interleaved  with  binocular  when  the 
former  were  used.  Normally  five  repetitions  of 
each  stimulus  were  averaged  in  calculating  the 
average  rate  of firing  during  stimulus  presentation. 
RESULTS 
Units  were  tested  for  two  types  of disparity  se- 
lectivity.  The  first  was examined  using  sets of stim- 
uli  in  which  the  disparity  was  constant  during  any 
given  presentation.  For  most  tests  only  horizontal 
disparity  was  used,  and  in  this  case  the  stimuli 
simulated  objects  moving  in  frontoparallel  planes 
at  different  distances  from  the  animal.  For  this 
type  of test,  the  monocular  stimuli  always  moved 
in  the  unit’s  preferred  direction  at  the  preferred 
speed,  both  of  which  were  normally  established 
with  prior  quantitative  tests.  Horizontal  bars  of 
infinite  length  can  have  no  horizontal  disparity 
but  when  the  optimal  stimulus  was  close  to  hor- 
izontal,  we  made  sure  to  use  bars  that  were  short 
compared  to  receptive-field  dimensions.  In  many 
cases,  stimuli  were  short  enough  to  approximate 
spots.  Disparities  were  introduced  by shifting  each 
monocular  stimulus  one-half  of the  total  disparity. 
Care  was  taken  to  insure  that  each  monocular 
stimulus  began  and  ended  its  traverse  a  short  dis- 
tance  outside  the  receptive  fields,  usually  10-20s 
of  the  receptive-field  width.  This  type  of  test 
will  be  referred  to  as  a  test  for  fixed  disparity 
selectivity. 
The  results are drawn  from  91  units  his- 
tologically  identified  as being in  MT.  All  re- 
cording  sites were  in  the  right  hemisphere 
and receptive  fields were, therefore,  centered 
in  the  left  visual  hemifield.  Receptive-field 
centers were  between  0.6  and  22.7”  eccen- 
tricity  (average, 9.1”),  and most  were in  the 
inferior  quadrant. 
Binocularity  of MT  neurons 
Most  units  in  MT  could  be  driven  well 
through  either  eye alone,  as has been previ- 
ously  reported  (37).  Figure  1 is an  ocular 
dominance  histogram for  91 units,  based on 
the scheme introduced  by  Hubel  and Wiesel 
(14).  Assignments  were  made  according  to 
the  ratio  of  the  responses  to  contralateral 
versus ipsilateral  eye stimulation  (see figure 
legend). The  mode of the distribution  was in 
ocular  dominance  group  4 (balanced inputs 
from the two  eyes), and 79% of the cells were 
in  groups 3-5.  Cells showing marked  ocular 
imbalance  (groups 2, 6, and  7) tended  to  be 
The  second  type  of test  was  for  selectivity  for 
changing  disparity.  This  was  examined  using  sets  NUMBER 
of stimuli  whose  disparity  changed  as they  moved.  OF  UNITS 
Each  set  consisted  of  12  stimuli,  which  together 
simulated  a  complete  range  of  trajectories  from 
motion  away,  through  frontoparallel  to  motion 
toward,  and  back  again  to  motion  away.  We  will 
refer  to  this  as  a  test  for  motion  in  depth.  In  the 
present  context,  frontoparallel  motion  is  not  con- 
sidered  to  be  motion  in  depth,  regardless  of  the 
disparity.  It  should  be  realized  that  no  stimulus 
actually  moved  in  depth  and  that  changing  dis- 
parity  is  only  one  of  several  cues  for  motion  in 
depth. 
Changing  disparities  were  produced  by moving 
the  monocular  stimuli  in  different  directions  and/ 
or  at  different  speeds,  as  has  been  done  in  other 
investigations  of  motion  in  depth  selectivity  (6, 
29).  The  stimulus  motions  we  used  differed  from 
other  studies  in  that  they  were  not  always  hori- 
zontal  but  instead  accommodated  each  unit’s  di- 
rection  preference.  Because  the  details  of  simu- 
lating  given  motions  in  depth  are  complex  and 
contra  ipsi 
OCULAR  DOMINANCE 
FIG.  1.  The  distribution  of  ocular  dominance  for  9 1 
units  in  MT.  Assignments  are  based  on  the  quantitative 
ratio  of  response  above  background  for  stimulus  pre- 
sentations  to  each  eye  alone.  Bins  1 and  7  contain  those 
cells  that  were  driven  through  one  eye  only,  bins  2  and 
6  contain  cells  for  which  the  response  to  one  eye  was  3 
or  more  times  the  response  to  the  other,  bins  3  and  5 
contain  cells  for  which  the  ratio  of  responses  was  be- 
tween  1.5  and  3,  and  bin  4  contains  cells  whose  mon- 
ocular  responses  were  within  a  factor  of  1.5  of  one  an- 
other.  By  far  most  cells  had  roughly  balanced  inputs 
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those  that  gave  only  a  weak  response  even 
to  the  dominant  eye.  Conspicuously  absent 
were  neurons  that  gave  a strong  response  to 
one  eye  and  no  response  or  inhibition  to  the 
other,  although  such  “monocular”  cells  are 
common  in  V  1,  even outside  layer  IVc  (15, 
28).  Four  of  the  cells we encountered  were 
“binocular  only”  in the sense  that  monocular 
stimuli  did  not  produce  responses signifi- 
cantly  above background. 
Fixed  disparity 
Seventy-six  units  in  MT  were  examined 
quantitatively  for  fixed  disparity  selectivity. 
Most  tests  were made using horizontal  stim- 
ulus  disparity  alone  (see  METHODS).  The 
majority  of  neurons  (52/76)  showed  pro- 
nounced  sensitivity  to  horizontal  disparity. 
Figure 2 illustrates the properties of one such 
neuron.  It  preferred  upward  movement  and 
the  monocular  stimuli  used  were  small 
squares.  Horizontal  disparity  was adjusted to 
100 
1 
simulate an object  moving  upward  at differ- 
ent  distances from  the  animal.  The  closed 
circles show the average rate of firing  for  bin- 
ocular  stimulation  at different  disparities.  In 
this and subsequent figures, bars indicate  the 
standard errors of  the means and the dashed 
line is the background  rate of firing.  The inset 
shows the  position  and size of  the  receptive 
field as  well as  the relative  dimensions of  the 
stimuli.  The  stimuli  are drawn  at  the  maxi- 
mum  disparity  tested,  at  which  they  were 
well within  the  receptive-field  borders.  The 
cell responded well only  over a range of about 
1  O of  disparity.  The  separation  of  the  mon- 
ocular stimuli  at this disparity  is a small frac- 
tion  of  the  total  receptive-field  width.  Be- 
cause  the monocular  stimuli  moved  upward, 
the parts of the receptive  field that  each stim- 
ulated  changed  as the  horizontal  disparity 
was adjusted.  To  ensure that  the  binocular 
disparity  tuning  was not  due to the receptive 
field  having  a more excitable  region that  was 
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FIG.  2.  Disparity  tuning  of  a  unit  in  MT.  The  unit  was  tested  with  stimuli  with  different  fixed  disparities,  all  of 
which  moved  directly  upward.  The  inset  shows  the  monocular  stimuli  at  the  maximum  disparity  examined  in  this 
test,  at  which  they  were  well  within  the  width  of  the  receptive  field.  The  filled  circles  show  responses  to  binocular 
stimulation  and  bars  indicate  the  standard  errors  of  means  for  five  presentations.  The  dashed  line  is  the  background 
rate  of  firing.  The  unit  responded  well  only  over  a  narrow  range  of  disparities.  The  open  circles  are  the  responses 
to  monocular  stimulation;  they  show  that  the  disparity  tuning  is  not  attributable  to  inhomogeneity  of  the  receptive 
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stimulated  at  only  a  few  disparity  settings, 
monocular  responses  were  measured  at each. 
These  are  shown  by  the  open  circles.  The 
monocular  responses  were  uniform  across 
the  range  of  horizontal  shifts  tested,  typical 
for  units  examined  in  MT.  For  this  and  many 
other  units  we  also  used  manual  control  of 
stimulus  position  and  disparity  and  qualita- 
tive  assessment  of  responses  to  determine 
whether  disparity  preferences  depended  on 
the  portion  of  the  receptive  field  being  stim- 
ulated.  In  all cases  the  results  clearly  showed 
that  the  preferred  disparity  and  sharpness  of 
disparity  tuning  were  similar  no  matter  what 
portion  of  the  receptive  field  was  being  stim- 
ulated. 
Poggio  and  Fischer  (28)  described  four 
classes  of  disparity  tuning  in  Vl  and  V2  of 
the  macaque:  near,  far,  tuned  excitatory,  and 
tuned  inhibitory.  Subsequently  it  was  found 
that  disparity-tuned  neurons  in  cat  Vl  and 
V2  could  be  assigned  to  the  same  categories 
(9,  10).  Most  of  our  disparity  tuning  curves 
in  MT  also  fell  into  the  four  categories  de- 
scribed  by  Poggio  and  Fischer.  The  different 
types  of  responses  found  in  MT  are  illus- 
trated  in  Fig.  3. 
The  unit  of  Fig.  3A  is  typical  of  tuned  ex- 
citatory  cells,  which  included  22/76  units  (see 
also  Fig.  2).  Near-optimal  responses  were 
obtained  only  over  a  small  range  of  dispar- 
ities  near  zero.  The  tuning  curves  for  these 
cells  commonly  resulted  from  a strong  facil- 
itation  when  the  disparity  was  near  zero.  At 
disparities  away  from  zero,  responses  were 
less  than  or  equal  to  the  sum  of  monocular 
responses,  and  sometimes  the  inhibition  was 
strong  enough  to  bring  the  binocular  re- 
sponse  below  that  to  either  eye  alone.  These 
units  could  be  expected  to  respond  vigor- 
ously  only  to  stimuli  that  were  on  or  near  the 
animal’s  horopter. 
Most  tuned  excitatory  neurons  that  have 
been  studied  in  macaque  Vl  and  V2  have 
tuning  curves  that  peak  within  0.1 O of  zero 
disparity  (28,  29).  In  our  preparation  the 
screen  coordinates  corresponding  to  zero  dis- 
parity  could  be  determined  to  only  about 
tl  O  (see  METHODS).  For  the  population  of 
tuned  excitatory  neurons  in  MT,  the  appar- 
ent  preferred  disparity  averaged  0.19  t  0.90 
(SD)  deg.  Given  the  uncertainties  in  mea- 
surements  of  absolute  eye  positions  and  of 
disparity  tuning  curves,  this  distribution  is 
consistent  with  all  units  having  a  preferred 
disparity  of  zero.  None  of  the  tuned  excit- 
atory  units  had  a preferred  disparity  that  was 
off  the  horopter  by  a convincing  margin.  On 
the  other  hand,  it is possible  that  a substantial 
percentage  of  the  tuned  excitatory  cells  do 
indeed  have  small  but  significant  nonzero 
disparities. 
There  were  two  classes  of  disparity-selec- 
tive  neurons  that  responded  over  a  broad 
range  of  disparities  but  only  on  one  side  of 
zero  disparity:  one  responsive  to  crossed  dis- 
parities  (18/76,  Fig.  3B),  equivalent  to  stim- 
uli  near  to  the  animal,  the  other  responsive 
to  uncrossed  disparities  (10/76,  Fig.  3C), 
equivalent  to  stimuli  beyond  the  horopter. 
For  both  types  the  transition  from  maximum 
to  minimum  responsiveness  occurred  near 
zero  disparity,  usually  over  a range  of  about 
1  O. The  tuning  resulted  from  facilitation  or 
inhibition  and  sometimes  a combination  of 
the  two.  These  response  patterns  are  similar 
to  those  of  the  near  and  far  cells  described 
by  Poggio  and  Fischer  (28).  In  our  prepara- 
tion  these  neurons  generally  responded  well 
over  a  range  of  several  degrees  of  disparity 
on  one  side  of  zero. 
A  final  class  consisted  of  two  neurons  that 
responded  well  to  a broad  range  of disparities 
excluding  those  near  zero  (Fig.  30).  These 
are  complementary  to  tuned  excitatory  neu- 
rons  and  are  similar  to  the  tuned  inhibitory 
neurons  described  by  Poggio  and  Fischer 
(28).  Such  neurons  could  be  expected  to  be 
responsive  to  stimuli  that  were  in  front  of  or 
behind,  but  not  on,  the  horopter.  Finally,  the 
response  in  Fig.  3E  is  typical  of  those  24  neu- 
rons  that  were  insensitive  to  disparity. 
Of  the  units  with  disparity  tuning,  most 
fell  clearly  into  one  or  another  of  the  four 
classes.  The  six  that  did  not  were  on  a border 
between  two  classes,  usually  having  moder- 
ately  broad  tuning  without  a sharp  transition 
near  zero.  These  units  were  assigned  individ- 
ually  to  the  class  they  most  strongly  resem- 
bled.  There  was  no  obvious  correlation  be- 
tween  a  unit’s  type  of  disparity  tuning  and 
its  preferred  direction,  preferred  speed,  or 
receptive-field  eccentricity. 
Studies  of  disparity  tuning  in  other  visual 
areas  have  found  that  tuned  excitatory  neu- 
rons  typically  have  balanced  inputs  from  the 
two  eyes  and  tuning  that  arises  from  a strong 
binocular  facilitation.  In  contrast,  most  near DISPARITY  SELECTIVITY  IN  MACAQUE  MT  1153 
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FIG.  3.  Different  classes  of  disparity  tuning  curves  from  units  in  MT.  The  inset  for  each  plot  shows  the  receptive- 
field  outline  and  the  size  and  direction  of  motion  of  the  test  stimuli.  The  monocular  stimuli  are  drawn  at  the 
maximum  disparity  for  which  a  response  is  plotted.  The  response  curves  are  all  to  the  same  scale  and  all  disparities 
are  horizontal,  with  positive  values  implying  crossed  disparities  (near)  and  negative,  uncrossed  (far).  Filled  circles 
are  responses  to  binocular  stimulation,  open  circles  are  monocular  responses.  Dashed  lines  indicate  background 
rates  of  firing.  Bars  are  the  standard  errors  of  means  for  five  stimulus  repetitions.  Curves  are  normalized  to  their 
respective  maximum  responses,  which  are  indicated  beside  each  plot.  A:  a  tuned  excitatory  response.  This  was  one 
of  22/76  units  that  responded  well  only  over  a  small  range  of  disparities  near  zero.  These  units  would  be  expected 
to  respond  well  to  stimuli  on  or  near  the  horoptor.  B:  a  near  response.  This  unit  gave  good  responses  to  a  broad 
range  of  crossed  disparities,  with  responsiveness  falling  off  for  uncrossed  (negative)  disparities.  18/76  units  fell  in 
this  category.  C:  a  far  response.  This  neuron  responded  well  to  uncrossed  stimuli.  The  response  is  complementary 
to  that  of  a  near  cell.  lo/76  cells  tested  had  this  type  of  tuning  curve.  D:  a  tuned  inhibitory  response.  This  pattern 
was  seen  for  2/76  units.  These  cells  are  complementary  to  tuned  excitatory  neurons,  responding  well  to  most 
disparities  except  a  small  range  near  zero.  This  unit  could  be  expected  to  respond  vigorously  to  stimuli  in  front  of 
or  behind,  but  not  on,  the  horoptor.  Because  the  direction  of  motion  was  horizontal,  the  monocular  stimuli  followed 
the  same  path  across  the  receptive  field  as  the  disparity  was  changed.  For  this  reason  monocular  responses  were 
tested  only  once.  E:  a  response  lacking  disparity  selectivity.  24/76  units  examined  gave  responses  like  this,  which 
showed  no  obvious  sensitivity  to  disparity. 
and  far  cells  have  imbalanced  ocular  inputs 
(9,  28,  29).  In  agreement  with  these  investi- 
gations,  binocular  facilitation  was  important 
in  the  tuning  of  most  tuned  excitatory  cells 
in  MT.  However,  most  disparity-tuned  cells 
of  all classes  in  MT  had  fairly  balanced  input 
from  the  ttio  eyes  and  those  that  did  not  were 
not  associated  with  a particular  type  of  tun- 
ing.  This  distinction  is  in  keeping  with  the 
greater  overall  ocular  balance  in  MT  (Fig.  1 
above)  than  in  Vl  (15). 
Nonhorizontal  fixed  disparity 
Only  horizontal  stimulus  disparity  con- 
tributes  to  stereopsis  (see  APPENDIX).  It  is of 
interest to know  whether  neurons in MT  that 1154  J.  H.  R.  MAUNSELL  AND  D.  C.  VAN  ESSEN 
are  tuned  for  fixed  horizontal  disparity  are 
also  sensitive  to  nonhorizontal  disparity  or, 
alternatively,  if  horizontal  disparity  is  selec- 
tively  emphasized  at  this  level  in  the  visual 
system.  Several  investigators  have  found 
units  tuned  for  nonhorizontal  stimulus  dis- 
parities  in  Vl  and  V2  of  the  cat  (2,  9,  23), 
although  individual  units  were  not  tested  for 
both  horizontal  and  nonhorizontal  disparity 
tuning.  Von  der  Heydt  et  al.  (35)  did  test 
individual  units  in  the  cat  with  both  types  of 
disparity  and  found  that  units  sensitive  to 
horizontal  disparity  were  insensitive  to  ver- 
tical  disparity.  However,  they  examined  only 
two  units  for  this  property  and  varied  vertical 
disparity  at  only  one  horizontal  disparity. 
The  question  of  axial  specificity  is  of  interest 
for  disparity-tuned  cells  in any  area  but  those 
in  MT  are  especially  amenable  for  study  be- 
cause  their  large  receptive  fields  make  it  easy 
to  manipulate  disparity  without  having  stim- 
uli  missing  the  field  altogether. 
Figure  4 shows  the  results  of  two  disparity 
tests  run  on  a  single  tuned  excitatory  unit. 
Disparity  was  varied  along  the  horizontal 
axis  in  one  and  along  the  vertical  axis  in  the 
other.  In  both  tests  the  stimuli  moved  in  the 
preferred  direction  at  the  preferred  speed. 
The  inset  shows  the  size  of  the  monocular 
stimuli  and  receptive  field,  and  the  position 
of  the  latter  with  respect  to  the  fovea.  The 
monocular  stimuli  are  drawn  at  the  maxi- 
mum  horizontal  and  vertical  disparities  tested 
(although  this  particular  combination  was 
not  used).  The  maximum  disparity  in  both 
cases  was  smaller  than  the  size  of  the  recep- 
tive  field.  Responses  decreased  about  as  rap- 
idly  with  change  in  vertical  disparity  as  they 
FIG.  4.  Respon  se  of  a  unit  in  MT  to  vertica  .l  and  horizontal  disparities.  This  unit  was  tested  with  two  disparity 
tests.  One  was  a  normal  horizontal  disparity  test,  the  other  involved  changing  the  vertical  disparity  while  the 
horizontal  disparity  remained  constant.  Stimuli  always  moved  in  the  preferred  direction  at  the  preferred  speed.  The 
inset  shows  the  monocular  stimuli  at  their  maximum  horizontal  and  vertical  disparities  (this  combination  was  not 
tested).  Points  mark  responses  to  binocular  stimulation  at  different  disparities  and  bars  are  the  standard  errors  of 
means  for  five  repetitions.  Monocular  responses  and  background  rate  of  firing  (dashed  line)  are  also  indicated. 
Responses  fell  off  quickly  when  either  horizontal  or  vertical  disparities  were  changed  from  their  optimum  values. 
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did  to  horizontal,  indicating  roughly  equal 
selectivity  for  both.  Note  that  the  disparity 
tuning  in  this  cell  results  from  facilitatory 
interactions  over  the  preferred  disparity  range 
and  not  from  inhibitory  interactions  at  non- 
preferred  disparities.  Thus,  the  peak  along 
the  vertical  axis  is  a  result  of  specific  facili- 
tatory  interactions  near  zero  disparity.  At 
large  vertical  disparities  the  binocular  re- 
sponse  was  slightly  greater  than  either  mon- 
ocular  response,  indicating  minimal  binoc- 
ular  interactions. 
Nineteen  units  were  tested  for  sensitivity 
to  nonhorizontal  disparities  in  a  systematic 
manner,  using  up  to  24  interleaved  combi- 
nations  of horizontal  and  vertical  disparities. 
The  results  were  plotted  on  two-dimensional 
grids  to  show  responses  at  different  horizon- 
tal  and  vertical  disparities.  The  responses 
from  three  units  are  displayed  in  Fig.  5, with 
all disparities  plotted  to  the  same  scale.  Dots 
mark  the  combinations  of  vertical  and  hor- 
izontal  disparities  at  which  responses  were 
tested.  The  contours  are  response  isograms, 
which  were  interpolated  between  neighbor- 
ing  points  with  a spacing  equal  to  10%  of the 
maximum  response  above background.  Tun- 
ing  curves  for  horizontal  disparity,  taken 
from  the  row  in  the  grid  that  contained  the 
peak response,  are plotted  for each unit.  Each 
tuning  curve  indicates the  background  rate 
of  firing  and  the  responses to  monocular 
stimulation.  The  overall  pattern  of  contours 
is sufficiently  orderly  to  allow  several signif- 
icant  conclusions. For  example, if  units were 
insensitive  to  vertical  disparities,  the  con- 
tours would  run  more  or  less straight  from 
top  to  bottom,  which  is clearly  not  the  case 
for  any  of the units illustrated.  All  units have 
responses that  changed  substantially  with 
vertical  disparity.  The  responses  of  Fig.  54 
and B  are from tuned  excitatory  units. Figure 
5C  is from  a near  cell that  responded over 
a range of  several degrees  of  crossed (near) 
disparities when  tested for  horizontal  dispar- 
ity.  Only  a portion  of  that  range was tested 
for  vertical  disparity  selectivity.  The  broad- 
ness  of  tuning  of  this  unit  and  that  of  Fig. 
54 are about equal for vertical  and horizontal 
disparity.  The  unit  in  Fig.  5B  had the  most 
vertically  elongated  pattern  of  the  units  ex- 
amined, but  even so it  was not  insensitive to 
vertical  disparity.  Several  other  units  had 
slightly  less  regular patterns of  response, but 
none was  insensitive to vertical  disparity.  The 
optimal  vertical  disparity  was never  signifi- 
cantly  different  from  zero,  although  uncer- 
tainties  in  determination  of  eye  positions 
precluded  accurate  assessment  of  this value, 
as already  discussed for  horizontal  dispari- 
ties. 
Motion  in  depth 
Motions  in  depth  were  simulated  using 
stimuli  whose  disparities  changed  as they 
moved.  The  trajectories  were  not  restricted 
to  a horizontal  plane,  but  instead were cho- 
sen so that  at  least one  of  the  monocular 
stimuli  moved  along  the  axis  of  the  unit’s 
preferred direction  (see  APPENDIX).  Each test 
series  examined  the response  to  12 simulated 
trajectories  through  space, including  2 that 
were  frontoparallel-one  in  the  preferred 
direction  and the other  in the opposite (null) 
direction. 
The  trajectories  of  a test  series all  inter- 
sected at  a common  point  midway  through 
their  traverses.  This  center  point  could  be 
made to  lie  at  the  unit’s  best disparity  but 
could  also be set at  some other  disparity  so 
that  the trajectories  were centered in  front  of 
or behind  the fixation  plane. Initially,  we an- 
ticipated  that  motion  in  depth  selectivity,  if 
found,  would  not  be critically  dependent  on 
the  center  point  of  the  trajectories.  Hence, 
for  many  cells only  a  single test  series was 
carried  out,  with  the center  point  at the best 
disparity  (or  on the  horopter  if  the  best dis- 
parity  was not  known).  Under  these circum- 
stances nearly  all units  preferred  frontopar- 
allel movement  over  any  of  the  motions  in 
depth  that  were presented. 
The  responses  of a typical  unit  to motions 
in depth with  their  center point  of movement 
near its preferred  disparity  are shown in  Fig. 
6. The  unit  preferred  horizontal  movement 
to  the  right.  Because of  this,  the  motions  in 
depth  with  which  it  was tested  were  all re- 
stricted  to  a  single plane.  Twelve  different 
directions  are arranged  as if  one  is viewing 
the  animal  and  the  motions  in  depth  from 
above,  in  a format  identical  to  that  used by 
others (6,  29;  see figure  legend for  details). 
The  best  response  was  to  frontoparallel 
movement  to  the  right.  The  response was 
slightly  less  for  the two  motions in  depth  on 
either  side of  the  peak  for  which  both  eyes 
saw motion  in  the  preferred  direction  but 1156  J.  H.  R.  MAUNSELL  AND  D.  C.  VAN  ESSEN 
0  1.  0  1. 
C 
74.3 
+  impulses  1s 
\ 
/  _ 
t 
AR 
c+t  ---------1--11 ‘L 
1.0  2.5 
A 
1" 
-7  -2.0  .  0  0  0 
oi5  215  L 
1" 
FIG.  5.  Sensitivity  of  three  units  in  MT  to  vertical  disparity.  Each  unit  was  tested  with  20  different  combinations 
of  horizontal  and  vertical  disparities.  Stimuli  always  moved  in  the  preferred  direction  at  the  preferred  speed.  The 
plot  to  the  right  of  each  section  shows  responses  to  different  horizontal  disparities  at  the  vertical  disparity  that  gave 
the  best  response.  Grids  to  the  left  show  responses  to  different  combinations  of  horizontal  and  vertical  disparities. 
Points  mark  combinations  of  horizontal  and  vertical  disparity  at  which  responses  were  measured.  Contour  lines 
show  the  responsiveness  to  different  combinations  of  horizontal  and  vertical  disparities.  They  were  plotted  by 
interpolating  between  responses  found  at  adjacent  points,  at  a  spacing  equal  to  10%  of  the  maximum  response 
above  background.  These  responses,  like  all  those  examined,  had  pronounced  sensitivity  to  vertical  disparity.  A: 
responses  of  a  tuned  excitatory  unit.  Responses  fell  as  disparity  was  changed  in  either  the  horizontal  or  vertical 
direction  and  were  near  background  (indicated  by  the  dashed  line  the  plot  to  the  right)  when  disparity  was  about 
0.5”  from  optimum.  B:  differential  sensitivity  to  vertical  and  horizontal  disparity.  Of  19  units  tested,  this  one  had 
the  pattern  of  responses  that  was  most  vertically  elongated,  indicating  less  sensitivity  to  vertical  disparity  than  to 
horizontal.  A  few  units  had  patterns  that  were  slightly  elongated  along  other  axes.  C:  responses  of  a  near  cell.  This 
unit  responded  well  over  a  broad  range  of  crossed  disparities,  only  part  of  which  was  examined  in  this  test.  Like 
most  others,  this  unit  showed  comparable  sensitivity  to  horizontal  and  vertical  disparities. 
with  one  stimulus  moving  at  a slower  speed. 
For  other  motions  in  depth,  as  the  speed  and 
direction  of  the  monocular  stimuli  became 
further  from  optimal,  the  response  continued 
to  fall. 
Three  other  examples  of  responses  to  mo- 
tion  in  depth  centered  at  or  near  each  unit’s 
preferred  disparity  are  shown  in  Fig.  7A-C. 
The  unit  of  Fig.  7C  did  not  prefer  a  hori- 
zontal  frontoparallel  direction  so the  motions 
in  depth  were  not  confined  to  a single  plane, 
and  this  plot  is  not  strictly  equivalent  to  the 
others.  However,  it  is  analogous  in  that  it 
shows  a sequence  of  motions  that  were  fron- 
toparallel,  somewhat  toward  the  animal,  di- 
rectly  toward  one  eye,  etc.  (see  APPENDIX). 
Of  27  units  tested  in  this  manner,  24  (89%) 
preferred  frontoparallel  motion  over  all oth- DISPARITY  SELECTIVITY  IN  MACAQUE  MT  1157 
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FIG.  6.  Responses  of  a  unit  to  motions  in  depth  cen- 
tered  at  its  preferred  disparity.  Because  this  unit  pre- 
ferred  a  horizontal  direction  of  motion,  it  was  tested 
with  stimuli  that  simulated  trajectories  confined  to  a 
single  plane  (see  APPENDIX).  The  arrangement  is  as  if 
one  is  viewing  the  animal  and  trajectories  from  above. 
Points  on  the  horizontal  axis  mark  responses  to  fron- 
toparallel  motions,  those  on  the  vertical  axis  are  for 
motion  directly  toward  or  away  from  the  animal.  In- 
crements  of  angle  around  the  plot  are  not  equivalent  to 
increments  in  the  angle  into  or  out  of  the  fixation  plane, 
but  instead  correspond  to  increments  in  the  rate  of 
change  of  disparity.  This  biases  the  distribution  in  favor 
of  trajectories  close  to  directly  into  or  out  of  the  plane 
of  fixation.  Thus,  the  lines  oriented  at  45  O are  trajectories 
that  are  directly  toward  or  away  from  each  eye  (see  Ref. 
6 for  further  details).  The  magnitude  of  response  for  each 
trajectory  is  indicated  by  the  distance  from  the  center. 
Bars  are  the  standard  errors  of  means  for  five  stimulus 
presentations.  The  best  response  was  to  frontoparallel 
motion  to  the  right. 
ers.  Of  the  three  in  which  the  peak  response 
was  to  some  other  motion,  only  one  had  a 
response  that  was  significantly  better  than  its 
frontoparallel  response  (P  <  0.05,  Student’s 
single-tailed  t test).  The  responses  of this  unit 
are  illustrated  in  Fig.  7C.  It  is  apparent  that 
this  preference,  although  statistically  signifi- 
cant,  was  not  pronounced. 
During  the  course  of  these  experiments  it 
became  obvious  that  very  different  results 
could  be obtained  when  disparity-tuned  units 
were  tested  with  motions  in depth  whose  cen- 
ter  point  was  well  in  front  of  or  behind  the 
unit’s  preferred  disparity.  In  this  case  the  re- 
sponse  to  frontoparallel  motion  was  rela- 
tively  weak,  as  expected,  and  the  largest  re- 
sponse  within  that  set  of trajectories  was  usu- 
ally  to  some  motion  in  depth.  But  in  no  case 
in which  the  appropriate  tests  had  been  made 
was  the  response  to  a motion  in  depth  better 
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FIG.  7.  Responses  of  three  units  in  MT  to  motions 
in  depth  centered  at  their  preferred  disparities.  Units  in 
A  and  B  were  selected  because  they  preferred  horizontal 
directions  of  motion  and  the  format  of  representation 
is,  therefore,  the  same  as  that  in  Fig.  6.  The  unit  in  C 
did  not  prefer  a  horizontal  direction  of  motion  on  the 
frontoparallel  screen;  the  representation  is  analagous, 
but  not  identical  to  the  others.  The  preferred  direction 
was  30”  clockwise  from  straight  down,  and  the  two  fron- 
toparallel  trajectories  in  this  test  were  along  this  direction 
and  the  opposite.  The  generation  of  the  other  trajectories 
for  this  test  is  described  in  the  APPENDIX.  Curves  are 
normalized  to  their  best  responses  and  bars  indicate  the 
standard  errors  of  means  for  five  presentations  of  each 
stimulus.  Units  in  A  and  B,  like  24  of  the  27  units  tested 
in  this  manner,  preferred  frontoparallel  motion  over  all 
others.  The  response  in  C  was  from  the  only  unit  tested 
that  had  a  statistically  significant,  albeit  slight,  preference 
for  a  nonfrontoparallel  trajectory  when  tested  with  mo- 
tions  centered  at  its  preferred  disparity. 
than  that  to  frontoparallel  motion  at the  best 
disparity.  For  reasons  detailed  below,  we  do 
not  believe  this  type  of  response  is  correctly 
interpreted  as  selectivity  for  motion  in depth. 
Figure  8 illustrates  how  changing  the  cen- 
ter  point  of  movement  can  dramatically  af- 
fect  the  responses  of  a disparity-tuned  unit. 
Figure  8A  shows  the  fixed  disparity  tuning 
curve  for  the  unit.  It  preferred  crossed  (near) J.  H.  R.  MAUNSELL  AND  D.  C.  VAN  ESSEN  1158 
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FIG.  8.  The  effect of changing  the  center  point  of movements  on  responses  of a single  disparity-tuned  cell.  A: 
the  fixed  disparity  tuning  curve  for  a unit  in  MT.  The  unit  responded  well  over  a broad  range  of crossed  (near) 
disparities.  B:  summed  response  histograms  to  motion  at  different  fixed  disparities.  The  summed  response  his- 
tograms  from  the  test of A  are  plotted  at the  appropriate  positions  on  a plane  where  disparity  is represented  along 
one  axis. If disparity  is interpreted  as distance  from  the  animal,  it  can  be seen that  the  effect of the  disparity  tuning DISPARITY  SELECTIVITY  IN  MACAQUE  MT  1159 
disparities  and  responded  over  a broad  range. 
Figure  8B  shows a set of  summed responses 
histograms to  motions  with  different  fixed 
disparities. The disparities to which  they  cor- 
respond  are  indicated  by  one  axis  of  the 
plane.  If  these disparities  are interpreted  as 
distances  from the animal,  it can be seen  that 
the  effect  of  the  disparity  tuning  is to  limit 
the extent  of the  receptive  field  in  depth,  re- 
stricting  responses  to  the  part  of  space near 
to  the  animal (positive  disparities). 
Two  tests of  motion  in  depth  selectivity 
for  this unit  are shown in  Fig.  8C and D.  In 
order  to  preserve  the  spatial  configuration 
adopted  in  Fig.  8B  (i.e.,  near being  up,  far 
being down),  the  plots are shown  as though 
the eyes are at the top.  The  test series  in  Fig. 
8  C had its center point  at a nonpreferred  (far) 
disparity  (indicated  by  the  arrow  labeled C 
in  Fig.  8A).  The  responses  in  Fig.  80  are to 
motions  in  depth  with  a  center  point  near 
the  preferred  disparity  (arrow  D  in  Fig.  8A). 
Both  plots are to  the  same scale. With  the 
center point  near the preferred  disparity  (Fig. 
SD),  there  is clear preference  for  frontopar- 
allel motion.  In  the  other  case (Fig.  SC)  the 
response  to  the  first  motion  in  depth  clock- 
wise from  frontoparallel  (trajectory  4) is sig- 
nificantly  better  than  that  to  frontoparallel 
motion  (trajectory  3)  but  it  is less  than  half 
the magnitude  of the best response obtained 
from  the  same unit  in  the  other  test  series 
(trajectory  2 in  Fig.  80). 
The  responses  of  this unit  are readily  ex- 
plained  by  its fixed  disparity  tuning.  When 
the center point  is far  from  the preferred  dis- 
parity,  only  stimuli  with  changing  disparity 
can approach the preferred disparity.  Further 
evidence  for  this  explanation  comes from 
examination  of  the  timing  of  responses in 
relation  to  the  three-dimensional  stimulus 
trajectories.  Figure  8E  shows that  the  re- 
sponse to  frontoparallel  motion  at  the  pre- 
ferred disparity  (trajectory  2) is near maximal 
throughout  the  time  the  stimulus  is in  the 
receptive  field. The response  to frontoparallel 
motion  at the  nonpreferred  disparity  is uni- 
formly  low  (trajectory  3).  In  contrast,  the 
stimuli  with  changing  disparity  have  sharp 
peaks in response during  specific portions  of 
their  trajectories-  early  for  trajectory  4 and 
late for  trajectory  1. The  significance of these 
interactions  can  best be  appreciated  by  re- 
plotting  the  same  data on spatial coordinates 
rather  than  as response versus time.  Figure 
8F  shows the  response histograms  for  the 
same four  trajectories  plotted  as a function 
of disparity  in the horizontal  plane, as  in  Fig. 
8B.  The  two  frontoparallel  trajectories  are 
oriented  directly  from  left  to  right,  while  the 
two  motions  in  depth  cut  across disparities 
on  the  horizontal  plane.  What  is strikingly 
clear from  this figure  is that  a significant  re- 
sponse occurs only  when  the  simulated  tra- 
jectory  enters a  restricted  zone  within  the 
horizontal  plane,  starting  at  about  the  fixa- 
tion  plane and extending  over several degrees 
of  disparity  toward  the  animal.  Within  this 
is  to  limit  the  extent  of  the  receptive  field  in  depth.  Robust  responses  are  evoked  only  in  the  part  of  space  near  to 
the  animal  (positive  disparities).  C:  responses  of  the  unit  to  a  test  for  motion  in  depth  selectivity  centered  far  from 
the  preferred  disparity.  Trajectories  were  centered  at  -0.5”  of  disparity  (indicated  by  arrow  C  in  A).  The  response 
to  frontsparallel  motion  (trajectory  3)  was  less  than  that  to  several  of  the  motions  in  depth  (e.g.,  trajectories  1 and 
4).  Note  that  eye  positions  are  indicated  at  top  in  this  and  the  following  diagram  rather  than  at  the  bottom,  as  in 
Figs.  6  and  7.  D:  responses  of  the  unit  to  a  test  for  motion  in  depth  selectivity  centered  close  to  the  preferred 
disparity.  Trajectories  were  centered  at  1.3”  of  disparity  (indicated  by  arrow  D  in  A).  The  response  to  frontoparallel 
motion  (trajectory  2)  was  clearly  best.  The  scale  for  this  plot  is  the  same  as  that  in  C,  for  which  the  responses  were 
all  relatively  weak.  E:  differences  in  the  timing  of  responses  to  different  trajectories.  The  summed  response  his- 
tograms  for  four  trajectories  from  tests  in  C  and  D  are  shown.  The  response  to  frontoparallel  motion  at  the  best 
disparity  (trajectory  2)  was  uniformly  high  during  stimulus  presentation,  while  that  for  frontoparallel  motion  at  the 
nonpreferred  disparity  (trajectory  3)  was  uniformly  weak.  Responses  to  motions  at  depth  centered  at  the  nonpreferred 
disparity  have  pronounced  peaks  that  occur  at  different  times.  That  for  trajectory  1,  which  begins  far  from  the 
animal  and  approaches,  is  late  in  the  movement.  That  for  trajectory  4,  which  begins  near  to  the  animal  and  moves 
away,  is  early  in  the  movement.  F:  spatial  relationships  of  peaks  in  response  histograms.  The  four  response 
histograms  from  E  have  been  plotted  on  a  plane  where  disparity  (v  coordinate)  is  represented  along  one  axis,  and 
time  (X  coordinate)  along  the  other  axis,  as  in  B  of  this  figure.  The  scale  of  the  disparity  axis  is  different  than  that 
in  B.  Trajectories  2  and  3,  which  were  frontoparallel,  are  plotted  running  straight  from  left  to  right  at  their  respective 
disparities.  Trajectories  1 and  4,  which  moved  in  depth,  cut  across  disparities  as  they  move.  It  is  obvious  that  peaks 
in  the  response  histograms  for  motions  in  depth  occur  at  the  time  when  stimuli  have  a  disparity  close  to  the 
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zone,  the  response  is  good  to  any  stimulus 
having  a component  of  motion  in  the  left  to 
right  direction,  irrespective  of  whether  it  is 
moving  in  depth.  The  smaller  average  re- 
sponse  to  motion  in depth  is attributable  sim- 
ply  to  a  reduced  time  within  the  response 
zone.  Viewed  in  this  way,  it  is  natural  for  a 
unit  tuned  for  fixed  disparity  to  show  an  ap- 
parent  preference  for  motion  in  depth  when 
tested  with  a  set  of  motions  centered  at  a 
nonpreferred  disparity. 
The  motions  in  depth  shown  in  Fig.  8E 
cut  across  a  large  range  of  disparities.  It  is 
important  to  realize  that  this  is  not  an  ex- 
aggeration  of  the  usual  case  and  that  motions 
in  depth  generally  do  cover  a wide  range  of 
disparities  relative  to  receptive-field  dimen- 
sions.  For  example,  if the  monocular  stimuli 
start  and  stop  their  motion  outside  the  re- 
ceptive  field,  then  to  simulate  a  motion  di- 
rectly  toward  or  away  from  the  animal  they 
must  cover  a range  of disparities  that  is  twice 
the  width  of  the  receptive  field. 
We  found  that  most  disparity-selective 
units  displayed  apparent  motion  in  depth 
selectivity  when  the  center  point  of  the  test 
series  was  far  from  the  preferred  disparity. 
Twelve  units  were  tested  for  motion  in  depth 
selectivity  both  with  motions  whose  center 
point  was  at  the  preferred  disparity  and  with 
motions  centered  elsewhere.  Ten  were  like 
the  unit  shown  in  Fig.  8,  preferring  fronto- 
parallel  motion  when  the  center  point  was 
near  the  preferred  disparity  and  having  a 
peak  response  to  a motion  in  depth  when  the 
center  point  was  far  from  the  preferred  dis- 
parity.  The  remaining  two  preferred  fronto- 
parallel  motion  in  both  cases.  For  these  latter 
two  units  the  center  point  was  shifted  a rel- 
tively  short  distance  between  test  series;  they 
might  well  have  preferred  motion  in  depth 
over  frontoparallel  had  the  center  point  been 
further  from  their  preferred  disparities. 
Thirteen  additional  units  were  tested  with 
motions  in  depth  centered  away  from  their 
preferred  disparity.  Of  the  total  25  units 
tested  in  this  way,  4  had  a  peak  at  a  fron- 
toparallel  motion.  Of  the  remaining  21, 
which  had  peak  responses  to  some  motion 
in  depth,  13 had  responses  that  were  signif- 
icantly  better  than  frontoparallel  motion 
(P  <  0.05,  Student’s  single-tailed  t test).  How- 
ever,  when  compared  with  the  results  of  tests 
of  fixed  disparity  tuning,  none  of  the  units 
tested  with  motions  centered  away  from  their 
preferred  disparity  had  a  response  that  was 
better  than  their  response  to  frontoparallel 
motion  at  the  preferred  disparity. 
These  results  indicate  that  a  disparity- 
tuned  unit  may  appear  to  prefer  motion  in 
depth  if  the  center  point  of the  motions  is  set 
away  from  the  preferred  disparity.  However, 
if  the  responses  of  such  a  cell  can  be  ex- 
plained  in  terms  of  fixed  disparity  selectivity 
and  if  the  best  overall  response  is  to  a  par- 
ticular  frontoparallel  stimulus,  we  believe  it 
is  inappropriate  to  describe  the  cell as  having 
selectivity  for  motion  in  depth. 
DISCUSSION 
Disparity  selectivity  in  MT 
This  study,  in  conjunction  with  the  pre- 
ceding  one  (20),  shows  that  the  majority  of 
neurons  in  MT  are  selective  for  disparity  in 
addition  to  having  direction  and  speed  selec- 
tivity.  Thus  MT  appears  to  be  very  well 
adapted  to  analyzing  the  movements  of  vi- 
sual  stimuli  through  space.  This  specializa- 
tion  is  accented  by  the  relative  insensitivity 
of most  neurons  in  MT  toward  stimulus  form 
and  color  (8,  20,  38).  Prior  to  this  report,  the 
only  detailed  studies  of  binocular  interac- 
tions  in  extrastriate  visual  areas  have  been 
on  V2,  where  there  also  is  a  high  incidence 
of  disparity-selective  cells  (28,  29).  Infor- 
mation  on  other  areas  is  more  fragmentary. 
Zeki  (39)  reported  occasional  cells  with  strong 
binocular  interactions  in  all five  extrastriate 
visual  areas  he  studied.  The  percentage  of 
disparity  selectivity  has  now  been  shown  to 
be  high  in  two  of  these  areas,  V2  and  MT, 
and  it would  not  be surprising  if  this  was  also 
the  case  for  the  other  three:  V3,  V3A,  and 
V4.  Recent  recordings  in  our  laboratory  have 
demonstrated  a  high  incidence  of  disparity 
selectivity  in  the  ventral  posterior  visual  area 
(VP)  in  the  macaque  (4),  which  provides  fur- 
ther  support  for  the  idea  that  disparity  selec- 
tivity  is  widespread  in  extrastriate  visual 
cortex. 
The  width  of  disparity  tuning  in  cat  Vl 
and  V2  is  closely  correlated  with  receptive- 
field  size  (9,  27).  In  a  detailed  examination 
of  the  mechanisms  of  binocular  interactions, 
Ferster  (9)  demonstrated  that  the  spatial  ar- 
rangement  of  excitatory  and  inhibitory  sub- 
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tuning  of  most  cells  with  reasonable  accu- 
racy.  Although  this  question  has  not  been 
addressed  directly  in  macaque  Vl  and  V2, 
it  has  at  least  been  shown  that  the  width  of 
disparity  tuning  curves  is  related  to  receptive- 
field  size  (29)  and  that  there  is  a correlation 
between  types  of  disparity  tuning  curves  and 
ocular  imbalance  (28).  Hence,  the  same  prin- 
ciple  may  hold  for  Vl  and  V2  in  primates. 
However,  in  MT  there  is  nothing  in  the  sub- 
structure  of  receptive  fields  to  suggest  a basis 
for  disparity  tuning.  Although  we  have  not 
examined  receptive-field  structure  exhaus- 
tively,  most  units  appear  to  have  large,  uni- 
form  receptive  fields  when  tested  with  mov- 
ing  stimuli.  Disparity  tuning  is  found  within 
these  apparently  homogeneous  fields,  and  the 
tuning  curve  widths  are  narrow  relative  to 
receptive-field  dimensions.  It  seems  likely, 
though,  that  disparity  tuning  is  already  es- 
tablished  in  the  Vl  and  V2  cells  that  project 
to  MT,  and  it  is  therefore  possible  that  re- 
ceptive-field  structure  at  these  lower  levels 
gives  rise  to disparity  selectivity  in  MT.  If  this 
is  so,  then  the  cells  providing  input  to  a neu- 
ron  in  MT  would  presumably  share  not  only 
a common  direction  preference,  but  also  the 
same  disparity  tuning.  In  this  regard  it  is  in- 
teresting  that  about  one-half  of  the  disparity- 
tuned  neurons  in  Vl  and  V2  are  direction 
selective  (29).  However,  much  less  is  known 
about  the  properties  of  the  specific  cells  in 
layers  IVb  and  VI  of  Vl  that  give  rise  to  the 
projection  to  MT  (19). 
There  are  other  differences  between  the 
disparity  tuning  of  MT  and  that  in  Vl  and 
V2.  Although  the  ranges  of  disparities  over 
which  individual  MT  neurons  respond  well 
are  narrow  compared  to  receptive-field  di- 
mensions,  the  absolute  width  of tuning  curves 
are  broader  than  those  reported  for  macaque 
Vl  and  V2.  In  these  areas,  tuned  excitatory 
neurons  respond  well  only  over  a  range  of 
about  0.25”  (29),  while  the  narrowest  tuning 
seen  in  our  data  is  about  1  .O”.  This  might 
reflect  a  genuine  difference  between  visual 
areas,  but  it  may  be due  to  other  factors.  The 
majority  of  tests  for  disparity  selectivity  in 
Vl  and  V2  were  done  in  or  near  the  fovea1 
representation  ((3  O eccentricity),  while  re- 
cording  in the present  study  was  at an average 
eccentricity  of  about’  loo.  It  may  be that  tun- 
ing  curves  in  V 1 are  correspondingly  broader 
at  this  eccentricity.  It  could  also  be  that  the 
broadness  of  tuning  is  due  to  differences  be- 
tween  the  anesthetized,  paralyzed  prepara- 
tion  used  in  the  present  study  and  the  alert 
preparation  used  by  others.  Another  possible 
difference  concerns  the  relative  incidence  of 
near  and  far  cells.  In  our  sample  there  were 
almost  twice  as  many  near  cells  as  far, 
whereas  more  far  cells  than  near  cells  have 
been  reported  for  VI  and  V2  of  both  the 
macaque  and  cat  (9,  28).  However,  the  sam- 
ple  sizes  for  all of these  studies,  including  the 
present  one,  are  relatively  small,  and  it  is 
unclear  whether  these  differences  are  signif- 
icant. 
Regan  and  Beverly  (3 1)  reported  that  se- 
lective  adaptation  in  humans  can  demon- 
strate  a  class  of  disparity  detectors  that  are 
selective  for  the direction  of stimulus  motion. 
More  recently,  Fox  et al. ( 11)  have  found  that 
the  motion  aftereffect  (the  waterfall  illusion) 
is  dependent  on  the  disparity  of the  adapting 
movement.  Physiological  evidence  for  a role 
of  MT  in  the  motion  aftereffect  has  been 
obtained  in  single-unit  recordings  from  the 
owl  monkey  (25).  Our  finding  that  MT  neu- 
rons  are  selective  for  both  disparity  and  di- 
rection  can  account  for  the  psychophysical 
results  of  Fox  et  al.  It  would  be  interesting 
to  know  if motion  aftereffects  in  humans  are 
dependent  on  stimulus  speed,  as  are  the  re- 
sponses  of  neurons  in  MT. 
Sensitivity  to  nonhorizontal  disparities 
The  large  receptive  fields  in  MT  facilitated 
the  examination  of  selectivity  for  nonhori- 
zontal  stimulus  disparities,  which  do  not  con- 
tribute  to  stereopsis.  Those  neurons  exam- 
ined  were  apparently  not  specialized  for  de- 
tecting  horizontal  disparities  but  instead  were 
comparably  sensitive  to  disparity  changes 
along  all axes.  Data  on  the  specialization  of 
the  m am .malian  visual  system  for  disparities 
that  are  significant  to  stereopsis  are  not  con- 
clusive.  Receptive-field  incongruities  with 
greater  horizontal  scatter  than  vertical  have 
been  reported  in  V 1 of  the  cat  (1,  3)  and  a 
prevalence  of  cells  selective  for  horizontal 
disparities  has  been  seen  in  V2  of  the  ma- 
caque  ( 16)  and  sheep  (5).  However,  investi- 
gations  that  carefully  controlled  for  residual 
eye movements  have  found  no  bias  in central 
receptive-field  incongruities  in  cat  V 1  (17, 
18,23,  35)  or  measured  disparity  preferences 
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Two  types  of  hypotheses  can  be  advanced 
to  explain  why  neurons  in  MT  (and  else- 
where)  are  selective  for  both  vertical  and  hor- 
izontal  stimulus  disparities.  One  possibility 
is  that  the  neural  circuitry  that  is  used  to  gen- 
erate  selectivity  for  horizontal  disparities  au- 
tomatically  provides  selectivity  for  vertical 
disparity  as  well  and  that  it  would  require 
additional,  unnecessary  circuitry  to  avoid  se- 
lectivity  in  this  second  dimension.  It  also 
seems  possible  that  selectivity  for  vertical 
stimulus  disparity  provides  useful  informa- 
tion  to  the  animal.  If  disparity  tuning  were 
important  for  controlling  alignment  of  the 
eyes,  then  information  about  nonhorizontal 
disparities  would  clearly  be  needed.  Also,  it 
is  conceivable  that  sensitivity  to  nonhorizon- 
tal  disparities  may  be  important  for  cases 
when  the  head  is  not  upright.  With  small 
head  tilts  there  is  a  compensatory  cycloro- 
tation  of  the  eyes,  causing  disparities  of  ob- 
jects  in  space  that  are  not  strictly  horizontal. 
Equal  sensitivity  to  all  axes  of  disparities  is 
consistent  with  the  observation  that  Panum’s 
fusional  area  is  equal  in  horizontal  and  ver- 
tical  extent  (2 1). 
iMotion  in  depth 
Determining  whether  any  particular  neu- 
ron  is  selective  for  motion  in  depth  is,  in 
certain  respects,  a  more  complicated  issue 
than  determining  whether  the  same  neuron 
is  selective  for  other  commonly  considered 
parameters  (e.g.,  color,  intensity,  orientation, 
speed,  length).  In  essence,  this  is  because 
changing  the  direction  of  motion  in  depth 
necessarily  involves  changes  in  other  basic 
parameters,  including  binocular  disparity 
and  the  speed  and  direction  of  movement 
seen  by  each  eye.  The  general  problem  of 
confounding  one  type  of  selectivity  with  an- 
other  has  previously  been  brought  up  in  con- 
nection  with  orientation  versus  direction  se- 
lectivity  in  the  visual  cortex.  In  that  case  it 
was  pointed  out  that  testing  with  moving  slits 
of  various  orientation  can,  at  least  in  prin- 
ciple,  make  a  direction-selective  cell  appear 
also  to  be  orientation  selective  (see  Ref.  13). 
An  analogous  situation  holds  for  the  present 
case.  Poggio  and  Talbot  (29)  found  in VI  and 
V2  and  we  have  found  in  MT  that  neurons 
tuned  for  fixed  disparity’can  show  apparent 
selectivity  for  motion  in  depth  when  tested 
only  with  a family  of  trajectories  whose  cen- 
ter  point  was  at  a nonpreferred  disparity  (see 
Fig.  8).  The  question  of  whether  a neuron  is 
selective  for  fixed  disparity  and  not  motion 
in  depth,  rather  than  the  reverse,  is  of  course 
an  important  one.  Our  argument  that  the 
selectivity  is  indeed  for  fixed  disparity  for  the 
MT  neurons  in  the  present  study  is  based  on 
two  objective  criteria.  First,  for  cells  that  were 
tested  over  a  range  of  fixed  disparities  and 
with  multiple  sets  of  motions  in  depth  at 
different  center  points,  the  most  effective 
stimulus  was  consistently  a trajectory  parallel 
to  the  frontal  plane.  Second,  the  preferred 
trajectory  was  generally  different  in  sets  of 
motions  in  depth  with  different  center  points 
(e.g.,  frontoparallel  motion  best  at  one  dis- 
parity  and  motion  toward  the  animal  at  an- 
other).  Thus  the  best  motion  in  depth  within 
a set was  very  much  dependent  on  the  choice 
of center  point.  In  contrast,  the  best  disparity, 
and  hence  the  best  position  in  space,  was 
largely  independent  of  the  particular  center 
point.  A  response  was  elicited  along  that  por- 
tion  of  a  trajectory  that  brought  the  simu- 
lated  object  to  the  appropriate  region  of 
space.  A  neuron with  fixed  disparity  selectiv- 
ity  can be considered to have a three-dimen- 
sional receptive  field  of  limited  extent.  This 
coupled  with  its direction  selectivity  in  the 
frontoparallel  plane  is sufficient  to  account 
for the responses  to a wide variety  of motions 
in depth.  While  the apparent  tuning  for  mo- 
tion  in depth seen  with  center points at a bad 
disparity  is not  a necessary consequence for 
a neuron that  has  fixed  disparity  tuning,  elab- 
orate  neuronal  circuitry  would  be necessary 
to  prevent  it. 
Selectivity  for  fixed  disparity  is not  the 
only  property  that  can give  rise to  apparent 
tuning  for  motion  in  depth.  Any  cell that  is 
tuned  for  speed and/or  direction  when tested 
monocularly  could  show apparent tuning  for 
motion  in  depth  if  tested  over  a  restricted 
range of  conditions.  This  could  occur  even 
if the monocular  tuning  curves were identical 
for  the  two  eyes. For  example,  suppose that 
a cell that  preferred  slow speeds  was tested 
with  rapidly  moving  stimuli.  For  frontopar- 
allel motion,  stimulation  would  be rapid  for 
both  eyes and the  response would  be weak. 
For  motions  in  depth,  stimuli  would  be 
slower for  one  eye or  the  other  and  the  re- 
sponse  would  presumably  be enhanced. Such 
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one  or  more  motions  in  depth.  However,  this 
preference  would  disappear  on  testing  with 
an  identical  set  of  trajectories  scaled  to  a 
speed  that  gave  optimum  responses  to  fron- 
toparallel  motion.  In  a  more  general  sense, 
it  is  evident  that  careful  analysis  may  be 
needed  to  determine  whether  an  apparent 
selectivity  for  a complex  stimulus  parameter 
can  be  attributed  to  selectivity  for  what  are 
arguably  more  basic  parameters. 
On  the  other  hand,  there  have  been  several 
previous  reports  suggesting  that  there  is  gen- 
uine  motion  in  depth  processing  in  mam- 
malian  visual  cortex.  The  most  striking  ex- 
amples  have  been  the  opposed-movement 
cells,  which  have  been  seen  in  several  areas 
in  the  visual  cortex  of  the  cat  and  monkey, 
including  MT  (26,  29,  33,  38).  Such  cells, 
with  opposite  preferred  directions  for  the  two 
eyes,  cannot  simply  be selective  for  fixed  dis- 
parity.  However,  only  those  neurons  with 
horizontal  direction  preferences  are  suitable 
for  analyzing  motion  in  depth  (see  APPEN- 
DIX).  These  cells  could  signal  motion  straight 
toward  or  away  from  the  animal.  Other  op- 
posed-movement  cells  having  nonhorizontal 
direction  preferences  might  be  useful  in  con- 
trolling  eye  alignment  (26).  In  any  event,  the 
overall  incidence  of  such  cells  is  very  low, 
especially  if  only  those  with  horizontal  di- 
rection  preferences  are  considered.  Nonethe- 
less, it would  be valuable  to know  more  about 
their  response  properties,  whether  responses 
are  independent  of  the  center  point  of  mo- 
tions  in  depth. 
A  somewhat  larger  class  of possible  motion 
in  depth  cells  has  been  studied  by  Cynader 
and  Regan  (6,  7,  32).  However,  as  noted  by 
Poggio  and  Talbot  (29),  many  of  the  cells  in 
the  earlier  studies  (6,  32)  were  tested  with 
trajectories  centered  at  a  nonpreferred  dis- 
parity,  which  would  make  responses  to  fron- 
toparallel  motion  weak  relative  to  some  mo- 
tions  in  depth.  Some  of  the  cells  illustrated 
by  Cynader  and  Regan  gave  their  best  overall 
response  to  frontoparallel  motion  at the  pre- 
ferred  disparity.  Such  cells  can,  therefore,  be 
regarded  as  selective  for  fixed  disparity.  The 
classification  of  others  is  ambiguous,  as  not 
enough  information  was  provided  about  se- 
lectivity  for  disparity  and  speed  of  the  cells 
under  consideration.  In  their  most  recent 
study,  Cynader  and  Regan  (7)  did  examine 
the  responses  of cells  to  trajectories  spanning 
a range  of  center-point  disparities.  For  some 
of  these  cells,  the  responses  to  frontoparallel 
motion  at  the  best  disparity  was  as  good  as 
that  to  any  of  the  motions  in  depth.  Other 
cells  showed  an  apparent  preference  for  mo- 
tion  in  depth.  However,  the  bias  was  small 
in  all cases  illustrated  and  was  not  convinc- 
ingly  significant  in  the  absence  of  informa- 
tion  about  the  standard  errors  of  the  respon- 
ses  and  about  the  selectivity  of  these  cells  for 
stimulus  speed.  Aside  from  the  opposed- 
movement  cells  discussed  in  the  preceding 
paragraph,  we  are  not  aware  of  any  examples 
of tuning  for  motion  in  depth  that  have  been 
adequately  shown  not  to  be  a  simple  con- 
sequence  of  selectivity  for  fixed  disparity, 
direction,  or  speed.  A  convincing  demon- 
stration  of  genuine  motion  in  depth  selectiv- 
ity  would  include  1)  an  overall  maximum 
response  for  a  nonfrontoparallel  trajectory 
that  is  significantly  better  than  that  for  any 
frontoparallel  motion  and  2)  best  trajectories 
in  test  series  with  different  center  points  and 
different  speeds  that  were  more  or  less  par- 
allel  to  one  another  but  not  to  the  frontal 
plane.  From  this  it  would  follow  that  the  re- 
ceptive  fields  for  such  cells  would  not  be  re- 
stricted  in  depth  in  a way  that  could  account 
for  the  responses  to  motion  in  depth. 
It  is  intriguing  that  neurons  with  true  se- 
lectivity  for  motion  in  depth  have  not  yet 
been  found  in  substantial  numbers  in  pri- 
mates.  Given  the  tremendous  increase  in 
form  selectivity  between  the  V 1 (5)  and  in- 
ferotemporal  cortex  ( 12), it is  perhaps  natural 
to  expect  that  extrastriate  cortex  should  also 
contain  a population  of  neurons  selective  for 
complex  motions,  such  as  motion  in  depth. 
The  existence  of  such  a population  has  by  no 
means  been  ruled  out,  since  most  of  primate 
extrastriate  cortex  has  not  been  explored  for 
this  property.  In  the  cat,  it  has  recently  been 
reported  that  a  high  percentage  of  the  cells 
in  the  Clare-Bishop  region  are  opposed- 
movement  motion  in  depth  cells  (33).  Sub- 
cortical  centers  could  also  play  an  important 
role  in  motion  analysis.  On  the  other  hand, 
it  is  worth  recognizing  that  the  capacity  for 
fine  analysis  of three-dimensional  trajectories 
does  not  necessarily  require  the  existence  of 
individual  neurons  with  motion  in  depth  se- 
lectivity.  Most  neurons  in  MT  encode  infor- 
mation  about  position  in  depth,  e.g., whether 
an  object  is  near  or  far,  but  not  about  direc- 1164  J.  H.  R.  MAUNSELL  AND  D.  C.  VAN  ESSEN 
tion  in  depth,  e.g.,  whether  it  is  approaching 
or  receding.  Obviously,  though,  information 
about  direction  in  depth  could  be  extracted 
from  a population  of  differentially  tuned  po- 
sition-in-depth  cells,  just  as  direction  selec- 
tivity  parallel  to  the  frontal  plane  derives 
from  lower  order  cells  that  encode  positional 
but  not  directional  information.  It  remains 
to  be seen  to  what  degree  this  capacity  is  em- 
bodied  in  the  properties  of  individual  neu- 
rons  at  higher  stages  of  the  motion  pathway. 
z=k 
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APPENDIX 
Points  in  space  that  do  not  lie  on  an  animal’s 
horoptor  will,  by  definition,  have  retinal  images 
that  fall  on  noncorresponding  positions  on  the  two 
retinas.  This  disparity  provides  a powerful  cue  for 
the  perception  of  the  depth  in  space  (36).  The 
perception  of a point  at  a given  depth  can  be  pro- 
duced  by  stimulating  each  eye  separately  with 
stimuli  of  appropriate  retinal  disparity.  Monoc- 
ular  stimuli  projected  on  a  frontoparallel  screen 
can  be  used  to  simulate  objects  at  any  distance 
from  the  animal. 
It  is  not  true,  however,  that  any  pair  of  mon- 
ocular  stimuli  on  a  screen  will  correspond  to  a 
single  real  stimulus  at  some  position  in  depth. 
Obviously,  in  the  absence  of abnormal  disjunctive 
eye  movements,  no  object  can  appear  to  be  far 
superior  in  the  left  eye  and  far  inferior  in  the  right. 
It  will  be  shown  that  when  binocular  perceptions 
are  to  be  produced  with  monocular  stimuli  on  a 
frontoparallel  screen,  no  vertical  disparity  should 
exist  between  the  stimuli. 
Figure  9  is  a  schematic  drawing  of  a  viewing 
situation  in  which  the  left  eye  (LE)  and  right  eye 
(RE)  are  stimulated  individually  to  create  a  per- 
ception  of  a  point  at  P  in  space.  The  image  of 
each  of  the  monocular  stimuli  (&  and  SL)  must 
be  in  the  correct  retinal  position,  but  the  distance 
of  the  stimuli  from  their  respective  eyes  is  not 
important  for  stereopsis.  For  these  reasons,  each 
stimulus  might  lie  anywhere  along  the  line  con- 
necting  its  corresponding  eye  with  the  point  P.  If 
the  eyes  are  at  (-a,  0,  0)  and  (a,  0,  0)  and  the 
point  P arbitrarily  taken  to  be  at  (x,,  J+,  , z,),  these 
two  lines  will  be 
and 
(x + 4/(x,  + 4  = YlYp  =  z/zp 
(x  -  4/(x,  -  4  =  Y/Yp  =  z/z, 
For  both  lines 
and 
Y  =  ZYplZp 
6YPZ  =  Y&p 
Since  both  lines  are  at  z  =  0  when  y =  0,  the  in- 
FIG.  9.  Simulation  of  a  point  in  space  using  mon- 
ocular  stimuli  confined  to  a  frontoparallel  surface.  If 
stimuli  are  to  simulate  a  real  object  at  some  point  in 
depth,  they  most  always  have  the  same  vertical  level.  See 
text  for  details. 
tersection  of  both  lines  with  any  frontoparallel 
plane  z  =  k  will  be  at  a  vertical  level  of y =  ky,/ 
z,,  and  no  vertical  disparity  will  exist  between  the 
stimuli.  Since  this  applies  for  all  points  P in  space, 
monocular  stimuli  on  a  frontoparallel  screen 
should  always  maintain  zero  vertical  disparity 
even  if  they  are  simulating  a  binocular  stimulus 
moving  through  space. 
These  monocular  stimuli  may  create  retinal  im- 
ages  that  have  a  vertical  disparity,  since  the  dis- 
tances  from  each  eye  to  its  stimulus  may  be  dif- 
ferent  (see  Ref.  24).  The  vertical  disparity  of  the 
retinal  images  will  be  that  which  would  exist  be- 
tween  the  retinal  images  of a  binocularly  viewed 
point  at  P,  and  for  most  points  this  is small  com- 
pared  to  horizontal  disparity. 
It  is  interesting  that  neurons  responding  to 
monocular  stimuli  with  changing  vertical  dispar- 
ity  have  been  reported  in  areas  17  (2)  and  18  (26) 
of  the  cat  and  VI  and  V2  (29)  and  MT  in  the 
macaque  (38).  The  above  considerations  support 
the  suggestion  of  Pettigrew  (26)  that  these  units 
might  be  involved  in  detecting  errors  in  eye  align- 
ment  rather  than  binocular  detection  of  motion 
in  depth. 
The  technique  of simulating  arbitrary  motions 
in  depth  using  paired  monocular  stimuli  is  fairly 
straightforward  and  is illustrated  in  Fig.  10, which 
shows  the  simulation  of  a  motion  in  depth  that 
proceeds  upward  and  to  the  left  while  approaching 
the  animal.  The  movement  starts  at P 1 behind  the 
fixation  plane  and  ends  at  P2  in  front  of it.  In  this 
example,  the  monocular  stimuli  move  on  the  fix- 
ation  plane,  although  in  principle  they  could  be 
on  any  surface.  The  correct  positions  for  the  mon- 
ocular  stimuli  when  simulating  a  given  point  in 
the  movement  can  be  found  by  projecting  lines 
from  the  eyes  to  the  point  in  question  and  then 
noting  the  intersection  of these  lines  with  the  sur- 
face  on  which  the  stimuli  move.  Thus,  the  starting DISPARITY  SELECTIVITY  IN  MACAQUE  MT  1165 
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FIG.  10. Simulation of motions in depth using paired 
monocular stimuli. See  text for explanation. 
point  of the movement  (Pl)  is  simulated  with  the 
stimulus  for  the right  eye at SR 1 and the stimulus 
for  the left eye at SLl . For  simulating  the motion 
in  depth,  the  right  eye  sees  a  stimulus  moving 
from  SRI  to SR2,  while  at the same time the left 
eye sees a stimulus  moving  from  SLI  to  SL2. In 
previous  studies  of  motion  in  depth  (6,  29)  and 
also  in  the  present  experiments,  the  monocular 
stimuli  moved  at constant  speeds  on the  projec- 
tion  screen,  simulating  a motion  which,  for  geo- 
metric  reasons,  moved  more  slowly  through  space 
as  it  approaches  the  animal.  Although  for  short 
excursions  the actual three-dimensional  trajectory 
is  approximately  linear,  it  should  be noted  that 
linear  motions  of  the  monocular  stimuli  do  not 
necessarily  simulate  linear  three-dimensional  tra- 
jectories.  In this  illustration,  the monocular  stim- 
uli  meet at  the  center  of  the  receptive  field,  but 
this  need not  be the case. For  example, the move- 
ment  in depth could be entirely  in front  or behind 
the  fixation  plane,  in  which  case the  monocular 
stimuli  would  never  meet. 
Previous  studies  of  motion  in  depth  have sim- 
ulated  motions  in  depth  using  stimuli  in  which 
each eye sees only  horizontal  motion  (6,  29). Be- 
cause neurons  in MT  have strong  direction  selec- 
tivity,  only  a minority  could  be expected  to  re- 
spond  well  to  horizontal  motion.  To  avoid  ex- 
cluding  the  majority  from  consideration,  we 
decided to  use trajectories  for  which  at least one 
of the monocular  stimuli  moved  along the axis  of 
the unit’s  preferred  direction. 
The  simplest  case was  when  a unit  did  prefer 
a horizontal  direction  of  movement  on  the pro- 
jection  screen.  In  this  case the  stimulation  used 
was  the same as in the aforementioned  studies.  It 
consisted  of sets  of stimuli  in which  the two  mon- 
ocular  stimuli  moved  horizontally  on the projec- 
tion  screen  but  at different  speeds  and/or  in  op- 
posite  directions,  so that  the disparity  changed  at 
a constant  rate  during  the  movement.  Each  of 
these  changing  disparities  simulated  a  different 
trajectory  in a plane that  contained  the two  eyes 
and  the  receptive-field  center.  Twelve  different 
motions  were  tested,  covering  a complete  circle 
of directions  toward  and  away  from  the  animal. 
As  in the other  studies,  the different  motions  were 
separated  by  uniform  increments  in  the  rate  of 
change  of  disparity.  This  biases  the  distribution 
of  motions  in depth  in  favor  of  motions  directly 
toward  or  away  from  the  animal’s  head  (see 
Ref.  6). 
For  units  with  nonhorizontal  direction  prefer- 
ences, the situation  is  more  complex  because it is 
not  obvious  what  constitutes  an appropriate  sur- 
face within  which  trajectories  should  lie in  order 
to  provide  an  adequate test  for  motion  in  depth 
selectivity.  For  example,  a unit  preferring  vertical 
motion  might  be tested with  trajectories  that  were 
all within  the  median  plane  or  within  a surface 
that included  one eye. However,  rather  than  using 
sets of trajectories  confined  to a single surface,  we 
again generated  trajectories  in  which  one  or  the 
other  eye saw  motion  along  the  axis  of the  pre- 
ferred  direction.  As  a  result,  the  trajectories  of 
each set lay on two  planes;  each plane contained 
the  axis  of  preferred  motion  on  a frontoparallel 
plane and  one of the eyes. 
The  procedure  used  for  generating  these  non- 
horizontal  motions  in  depth  is  illustrated  in  Fig. 
10. The  12 stimulus  pairs  shown  are those  used 
when  a unit  preferred  a vertical  direction  of  mo- J.  H.  R.  MAUNSELL  AND  D.  C.  VAN  ESSEN 
tion.  For  each,  one  monocular  stimulus  is  always 
directed  along  the  axis  of preferred  direction  (right 
eye  for  1-6,  left  eye  for  7-  12);  the  other  moves 
in  directions  that  change  in  60-deg  increments. 
The  relative  speeds  of the  two  monocular  stimuli 
are  adjusted  so  that  there  is  never  any  vertical 
disparity  on  the  screen,  thus  ensuring  the  simu- 
lation  of real  objects  in  visual  space.  The  first  six 
stimuli  simulate  motions  in  a  vertical  plane  con- 
taining  the  right  eye,  the  second  six  simulate  mo- 
tions  in  a  vertical  plane  containing  the  left  eye. 
Eight  of the  12 stimuli  simulate  motion  in  depth, 
the  other  4  (1,  4,  7,  10)  frontoparallel  motion. 
Half  of the  motions  in  depth  are  toward  the  an- 
imal,  the  other  half  are  away.  The  sets  of  trajec- 
tories  for  units  with  other  nonhorizontal  preferred 
directions  were  generated  in  the  same  way,  only 
beginning  from  a  different  frontoparallel  direc- 
tion.  It  should  be  noted  that  as  the  preferred  di- 
rection  approach  es horizontal,  th .e two  imaginary  Received  23  July  1982;  accepted 
planes  in  which  the  trajectories  lie  will  collapse  November  1982. 
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